Introduction {#sec1}
============

Colon cancer is one of the most prevalent cancers, with a high recurrence and cancer-related mortality rate worldwide.[@bib1] 5-Fluorouracil (5-FU)-based adjuvant therapy is the first-line therapy for treating colon cancer and improves overall and disease-free survival of patients with advanced colon cancer.[@bib2] However, the response rates of patients with advanced colon cancer are only 10%--50% because of chemoresistance.[@bib2] In addition to the tumor stage, the mismatch repair (MMR) status is also an important factor, which affects the chemosensitivity of colon cancer to 5-FU.[@bib3]

The MMR system is involved in the recognition and repair of DNA base mismatches.[@bib4] The human MMR protein family members responsible for the recognition of mispaired DNA include human mutS homolog 2 (hMSH2), human mutL homolog 1 (hMLH1), hMSH3, hMSH6, hMLH3, and hPMS2.[@bib5] Among them, hMSH2 and hMLH1 are core proteins in the MMR system. Deficient MMR (dMMR) colon cancer is caused by the inactivation of the DNA MMR genes mentioned above.[@bib3] dMMR is present in ∼15% of sporadic colon cancer cases.[@bib6] Some retrospective studies indicated that patients with dMMR colon cancer weakly or did not respond to 5-FU-based adjuvant therapy compared with patients with proficient MMR (pMMR).[@bib3] Although efforts have been made, the molecular mechanisms are still unclear. Therefore, the mechanism of 5-FU-based chemoresistance in patients with dMMR colon cancer still needs to be explored.

MicroRNAs (miRNAs) are a class of small (20--22 nt in length), non-protein-coding RNAs that act as negative regulators of gene expression by partially binding to complementary sites of the 3′ UTRs of target mRNAs.[@bib7] miRNAs regulate more than 30% of mRNAs and are involved in many fundamental processes, including development, differentiation, cell proliferation, and apoptosis.[@bib8] Thus, miRNAs participate in a variety of human diseases, including cancer.[@bib9] Moreover, various miRNAs play critical roles in regulating resistance to chemotherapeutic drugs in human tumors.[@bib10], [@bib11]

Although prior studies reported miRNA signatures of colon cancer, few studies have analyzed miRNA profiles in dMMR colon cancer. In this study, miR-1290 was elevated in both dMMR cell types and 5-FU-resistant colon cancer cell lines. To determine its role in chemoresistance of colon cancer, we performed the current study to evaluate the association between miR-1290 deregulation with 5-FU resistance of colon cancer both in vitro and in vivo and investigate its relationship with the prognosis of patients with stage II and III colon cancer who received 5-FU-based adjuvant therapy.

Results {#sec2}
=======

miRNA Profiles in dMMR and pMMR Colon Cancer Cells {#sec2.1}
--------------------------------------------------

miRNA microarray technology can provide enormous information about cellular miRNA expression and is widely used to identify miRNAs that are key to prognosis and therapy for colon cancer. However, the heterogeneity of surgical tumor tissue samples, which involves different cell types, may confound the measurement of miRNA expression and, in turn, significantly impacts the subsequent statistical analysis. Thus, laser capture microdissection (LCM) was used to capture purified cell populations from heterogeneous tumor tissues, and precise information regarding the miRNA expression profile of defined cell types could be obtained. We used LCM to obtain purified dMMR and pMMR cells from tumor tissues of four dMMR and four pMMR cases ([Figure 1](#fig1){ref-type="fig"}A). Clinicopathological data regarding these eight patients are shown in [Table 1](#tbl1){ref-type="table"}. The miRNA expression microarray analysis was conducted on purified dMMR and pMMR cells. Principal-component analysis (PCA) showed that dMMR and pMMR cells clustered distinctly ([Figure 1](#fig1){ref-type="fig"}B). 37 human mature miRNAs were differentially expressed between dMMR and pMMR cells, including 35 upregulated miRNAs and 2 downregulated miRNAs. Using p \< 0.05 as cutoff value, we identified 12 upregulated miRNAs (including miR-1290, miR-664b-5p, miR-3607-5p, miR-3138, miR-298, miR-3653, miR-1291, miR-3679-3p, miR-149-3p, miR-30a-5p, miR-345-3p, and miR-6511b-5p) and no downregulated miRNAs ([Table S2](#mmc1){ref-type="supplementary-material"}). Unsupervised hierarchical clustering of miRNA expression profiles distinctly separated dMMR and pMMR cells ([Figure 1](#fig1){ref-type="fig"}C).Figure 1Microdissection and miRNA Microarray Analysis of dMMR and pMMR Colon Cancer Cells(A) dMMR and pMMR colon cancer cells were captured from fixed tissue-sections by laser capture microdissection. (B) Principal-component analysis shows the dMMR and pMMR cells were distinctly clustered. (C) Unsupervised hierarchical clustering analysis of the 12 miRNAs differentially expressed between the dMMR and pMMR colon cancer cells. Higher intensities of red indicate higher expression levels, while lower intensities of green indicate lower expression levels.Table 1Association between miR-1290 Expression and Clinicopathologic Characteristics in 291 Stage II and III Colon Cancer PatientsVariableTotal (n = 291)miR-1290 Expressionp ValueLow (n = 155)High (n = 136)**Age**\< 65 y12967620.686≥65 y1628874**Gender**Male11265470.761Female1799089**Location**Right8643430.012[a](#tblfn1){ref-type="table-fn"}Transverse17152Left1889791**T Stage**T1+T217980.978T3+T4274146128**N Stage**N015510055\< 0.001[a](#tblfn1){ref-type="table-fn"}N1+N21365581**AJCC Stage**II15510055\< 0.001[a](#tblfn1){ref-type="table-fn"}III1365581**Differentiation**Well14486580.029[a](#tblfn1){ref-type="table-fn"}Poor1476978**Vascular Invasion**No2771501270.177Yes1459**MMR Status**dMMR481038\< 0.001[a](#tblfn1){ref-type="table-fn"}pMMR24314598[^2][^3]

miR-1290 Is Upregulated in 5-FU-Resistant Colon Cancer Cell Lines and Reduces the Sensitivity to 5-FU In Vitro {#sec2.2}
--------------------------------------------------------------------------------------------------------------

The biology underlying dMMR status has been linked to chemoresistance to 5-FU.[@bib3] As we identified several miRNAs upregulated in dMMR colon cancer cells, the role of these miRNAs in the context of 5-FU chemoresistance in colon cancer aroused our interest. Therefore, we established a series of 5-FU-resistant colon cancer cell lines (RKO-5Fu~res~, SW480-5Fu~res~, HCT116-5Fu~res~, and LoVo-5Fu~res~) and then selected six miRNAs, which have been previously studied in cancer (miR-1290, miR-1291, miR-298, miR-30a-5p, miR-3653, and miR-3138), to analyze their differential expression by qRT-PCR. miR-1290 was overexpressed in all 5-FU-resistant variants when using a panel of colon cancer cell lines (RKO, SW480, HCT116, and LoVo) ([Figure 2](#fig2){ref-type="fig"}A). The highest expression of miR-1290 was detected in SW480-5Fu~res~ and HCT116-5Fu~res~ cell lines. Therefore, SW480, SW480-5Fu~res~, HCT116, and HCT116-5Fu~res~ cells were selected for the subsequent functional studies.Figure 2miRNA Expression in Colon Cancer Cell Lines and the Influence of miR-1290 on the Sensitivity to 5-FU In Vitro(A) The relative expression of six selected miRNAs (miR-298, miR-3653, miR-1290, miR-30a-5p, miR-3138, and miR-1291) was validated in four pairs of 5-FU-sensitive and resistant colon cancer cells by qRT-PCR. U6 small nuclear RNA was used as an internal control. All experiments were repeated three times. \*p \< 0.05, \*\*p \< 0.01. (B) The relationship between miR-1290 expression and IC~50~ of SW480, SW480-5Fu~res~, HCT116 and HCT116-5Fu~res~ cells (7.34 ± 0.36 μM, 29.89 ± 1.89 μM, 10.45 ± 0.61 μM, and 48.45 ± 2.88 μM, respectively) was assessed by Spearman rank correlation analysis. (C) Rhe 5-FU resistant colon cancer cells (SW480-5Fu~res~ and HCT116-5Fu~res~) transfected with miR-1290 inhibitor (anti- miR-1290) or negative control (anti-NC) were treated with increasing concentrations of 5-FU. After 48 hr, cell viability assays were performed using a CCK-8 kit. The group not treated with 5-FU was presented as 100% viable cells and was used as an internal control for comparison. (D) The cell viability of miR-1290 mimics or negative control transfected SW480 and HCT116 cells were treated as in (C). Histograms on the right show the level of miR-1290 expression. Experiments were repeated three times (\*p \< 0.05, \*\*p \< 0.01).

In order to investigate the biological functions of miR-1290 in 5-FU resistance of colon cancer cells, IC~50~ values (the concentration of 5-FU that reduced cell viability by 50%) were calculated after 5-FU treatment using CCK8 assays (SW480, 7.34 ± 0.36 μM; SW480-5Fu~res~, 29.89 ± 1.89 μM; HCT116, 10.45 ± 0.61 μM; HCT116-5Fu~res~, 48.45 ± 2.88 μM). miR-1290 expression was positively correlated with the IC~50~ values of 5-FU in the cell lines (p = 0.0266, r = 0.9474) ([Figure 2](#fig2){ref-type="fig"}B). To confirm the association between 5-FU resistance and miR-1290 expression, SW480-5Fu~res~ and HCT116-5Fu~res~ were transfected with miR-1290 inhibitor (anti-miR-1290) or negative control (anti-NC). Cells were then treated with increasing concentrations of 5-FU (0, 2, 4, 8, 16, 32, 64, and 128 μM) for 48 hr. The viability assay clearly revealed that cell viability was significantly reduced in cells transfected with miR-1290 inhibitor (anti-1290) as compared with negative control cells ([Figure 2](#fig2){ref-type="fig"}C). In contrast, the cell viability of SW480 and HCT116 cells transfected with miR-1290 mimics was significantly higher than that of control cells ([Figure 2](#fig2){ref-type="fig"}D). These results suggest that miR-1290 expression levels are negatively correlated with the sensitivity of colon cancer cells to 5-FU.

miR-1290 Is Positively Correlated with dMMR Status and Predicts Poor Prognosis in Patients with Stage II and III Colon Cancer Who Received 5-FU-Based Chemotherapy {#sec2.3}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

To determine whether miR-1290 expression correlated with dMMR status, the expression of miR-1290 was examined by qRT-PCR and dMMR status was determined by immunohistochemistry (IHC) in 291 patients with stage II and III colon cancer who received 5-FU-based chemotherapy after radical colectomy. As shown in [Table 1](#tbl1){ref-type="table"}, miR-1290 was positively correlated with dMMR status (p \< 0.001). In addition, upregulated miR-1290 expression was closely correlated with tumor location (p = 0.029), N stage (p \< 0.001), American Joint Committee on Cancer (AJCC) stage (p \< 0.001), and tumor differentiation (p = 0.029) in patients with colon cancer.

Kaplan-Meier and univariate Cox proportional hazard regression analyses showed that miR-1290 expression was significantly associated with survival of patients with stage II and III colon cancer who received 5-FU-based chemotherapy after radical colectomy. Kaplan-Meier analysis showed that high miR-1290 expression correlated with lower overall survival (OS) (p \< 0.001) and disease-free survival (DFS) (p \< 0.001) ([Figures 3](#fig3){ref-type="fig"}A and 3B). Univariate analysis indicated that decreased OS and DFS were associated with N stage, AJCC stage, tumor differentiation, vascular invasion, miR-1290 expression, and MMR status ([Tables S4](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}). Additionally, patients with pMMR tumors had a better OS (hazard ratio \[HR\] = 0.44; 95% confidence interval \[CI\], 0.27--0.71; p = 0.001) ([Table S4](#mmc1){ref-type="supplementary-material"}) and DFS (HR = 0.45; 95% CI, 0.27--0.74; p = 0.002) ([Table S5](#mmc1){ref-type="supplementary-material"}) compared with patients with dMMR tumors, which is consistent with previous studies.[@bib3], [@bib12] Moreover, multivariate Cox proportional hazard regression analyses revealed that miR-1290 expression is an independent prognostic factor for OS (HR = 1.48; 95% CI, 0.85--2.90; p = 0.008) ([Table S4](#mmc1){ref-type="supplementary-material"}) and DFS (HR = 1.59; 95% CI, 1.32--2.95; p = 0.016) ([Table S5](#mmc1){ref-type="supplementary-material"}). In addition, MMR status was also a significant independent prognostic factor for OS (HR = 0.51; 95% CI, 0.37--0.93; p = 0.021) ([Table S4](#mmc1){ref-type="supplementary-material"}) and DFS (HR = 0.43; 95% CI, 0.21--0.87; p = 0.018) ([Table S5](#mmc1){ref-type="supplementary-material"}).Figure 3miR-1290 Expression Correlates with OS and DFS in Patients with Stage II and III Colon Cancer Who Received 5-FU-Based Chemotherapy(A and B) The patients were separated into two groups based on low or high miR-1290 expression levels. Kaplan-Meier survival curves and log-rank tests were used to compare (A) DFS and (B) OS between the two groups.

hMSH2 Is the Direct Target of miR-1290 and Inversely Correlates with miR-1290 in Both Colon Cancer Cell Lines and Tumor Tissues {#sec2.4}
-------------------------------------------------------------------------------------------------------------------------------

hMSH2 and hMLH1 are core proteins in the MMR system.[@bib13], [@bib14] Their reduced or silenced expression is associated with dMMR status.[@bib14] As miR-1290 is upregulated in dMMR cells, we hypothesized that miR-1290 induced dMMR status by directly targeting hMSH2 and/or hMLH1. Three miRNA-target-predicting programs (Target-Scan, miRWalk, and miRanda) were used to determine whether hMSH2 and/or hMLH1 were candidate targets of miR-1290. All three programs predicted hMSH2, but not hMLH1, as the candidate target of miR-1290.

To confirm that hMSH2 is targeted by miR-1290, a luciferase reporter containing the complimentary seed sequence of miR-1290 at the 3′ UTR of hMSH2 mRNA was constructed ([Figure 4](#fig4){ref-type="fig"}A). Luciferase reporter assay indicated that the activity of wild-type hMSH2 3′-UTR reporter was significantly reduced by co-transfection with miR-1290 mimics in SW480 and HCT116 cells. In contrast, the activity of the hMSH2 control reporter containing a mutated sequence of the same fragment was not affected by co-transfection with miR-1290 mimics ([Figure 4](#fig4){ref-type="fig"}B). These results indicated that the miR-1290 seed region binds to complementary sites in the 3′ UTR of *hMSH2* mRNA, suggesting that hMSH2 is the direct target of miR-1290. Western blot assays were also performed to detect the expression levels of hMSH2 protein in SW480-5Fu~res~ and HCT116-5Fu~res~ cells transfected with lentiviral vectors containing miR-1290 inhibitor. The expression levels of hMSH2 protein were remarkably upregulated in SW480-5Fu~res~ and HCT116-5Fu~res~ cells stably knocked down for miR-1290 ([Figures 4](#fig4){ref-type="fig"}C and 4D). Overall, miR-1290 negatively regulated hMSH2 expression in vitro.Figure 4miR-1290 Suppresses hMSH2 Expression by Directly Targeting Its 3′ UTR(A) RNA sequence alignment showing that the 3′ UTR of hMSH2 mRNA contains a complementary site for the seed region of miR-1290. hMSH2 mutant sequence is used as a negative control. (B) Dual luciferase reporter assay was performed using SW480 and HCT116 cells transfected with wild-type or mutated hMSH2 reporters plus miR-1290 mimics. All values are presented as mean ± SD (\*\*p \< 0.01). Experiments were repeated three times. (C) Inhibition of miR-1290 expression upregulated the expression of hMSH2 protein in both SW480-5Fu~res~ and HCT116-5Fu~res~ cell lines. (D) Grayscale values were evaluated. Histograms show the relative expression of hMSH2 over actin (n = 3, \*\*p \< 0.01). (E) Western blot analysis of hMSH2 protein expression in four dMMR and four pMMR representative colon tumor tissues. (F and G) The relationship between miR-1290 and hMSH2 mRNA expression in dMMR and pMMR colon cancer tissues was assessed by Spearman rank correlation analysis. (H) Representative images of miR-1290 and hMSH2 expression in dMMR and pMMR colon cancer tissues using ISH and IHC staining, respectively.

In addition, we observed that the expression of miR-1290 was upregulated in dMMR colon cancer tissues and downregulated in pMMR samples. In contrast to miR-1290, western blot analyses revealed that hMSH2 protein expression was downregulated in dMMR colon cancer tissues compared with pMMR tissues ([Figure 4](#fig4){ref-type="fig"}E). Moreover, the Spearman correlation analysis clearly showed that miR-1290 levels were inversely correlated with *hMSH2* mRNA expression in dMMR and pMMR colon cancer tissues ([Figures 4](#fig4){ref-type="fig"}F and 4G). Furthermore, we analyzed miR-1290 and hMSH2 expression in these samples using in situ hybridization (ISH) and IHC staining, respectively. Results revealed that dMMR colon cancer tissues presented high miR-1290 and low hMSH2 expression, while pMMR tissues showed low miR-1290 and high hMSH2 expression ([Figure 4](#fig4){ref-type="fig"}H).

Decreased Expression of miR-1290 Increased the Sensitivity of Colon Cancer Cells to 5-FU by Promoting Apoptosis via hMSH2 Targeting {#sec2.5}
-----------------------------------------------------------------------------------------------------------------------------------

The mechanism by which hMSH2 promotes the sensitivity of colon cancer cells to 5-FU has been described by Tajima et al.[@bib15] One recent study reported that miR-21 induces resistance to 5-FU by directly targeting hMSH2.[@bib10] As miR-1290 inhibits the sensitivity of colon cancer cells to 5-FU and directly targets hMSH2, we hypothesized that miR-1290 decreases the sensitivity to 5-FU through downregulation of hMSH2. To confirm this hypothesis, we performed flow cytometry assays using PE Annexin V and 7-amino-actinomycin (7-AAD) double staining to examine the effects of miR-1290 and 5-FU on apoptosis of SW480-5Fu~res~ and HCT116-5Fu~res~ cells. All cells were treated with 10 μM 5-FU or the same volume of DMSO as a control and incubated for 48 hr. Results showed that the early apoptotic rates (PE Annexin V+/7-AAD- events) of miR-1290 inhibitor (anti-miR-1290) transfected SW480-5Fu~res~ cells (6.7% and 26.3% in DMSO and 5-FU-treated cells, respectively) were significantly higher than the corresponding negative control (anti-NC) cells (1.3% and 4.0%, respectively; [Figure 5](#fig5){ref-type="fig"}A). Among these different treatment groups, SW480-5Fu~res~ cells, which were both transfected with miR-1290 inhibitor and treated with 5-FU, had the highest proportion of apoptotic cells (26.3%). Moreover, hMSH2 knockdown by si-hMSH2 transfection restored the apoptotic rates of miR-1290 inhibitor transfected SW480-5Fu~res~ cells treated with 5-FU (2.1%; p \< 0.001). These results indicated that decreased miR-1290 expression increased the sensitivity to 5-FU by promoting apoptosis via hMSH2 targeting in 5-FU-resistant colon cancer cells.Figure 5Decreased Expression of miR-1290 Increased the Sensitivity to 5-FU in SW480-5Fu~res~ and HCT116-5Fu~res~ Cells by Targeting hMSH2, Resulting in Altered Expression of Apoptosis-Related Proteins(A and C) Representative flow cytometry analysis by using PE Annexin V and 7-Amino-Actinomycin (7-AAD) double staining in SW480-5Fu~res~ and HCT116-5Fu~res~ cells, which were transfected with miR-1290 inhibitor (anti-miR-1290), negative control (anti-NC), or miR-1290 plus si-hMSH2 and treated with 10 μM 5-FU or the same volume of DMSO as a control and incubated for 48 hr. Histograms represent the proportion of apoptotic cells presented as the mean ± SD from three independent experiments (\*\*p \< 0.01). (B and D) Representative western blots using the indicated antibodies in SW480-5Fu~res~ and HCT116-5Fu~res~ cells transfected and treated as described above.

To further explore the molecular mechanisms underlying the anti-apoptotic role of miR-1290, we performed western blot assays to examine several biochemical markers of apoptosis. Total protein was extracted from cells stably transfected with miR-1290 inhibitor or negative control after treatment with 10 μM 5-FU or the same volume of DMSO for 48 hr. Cleaved poly(ADP-ribose) polymerase (PARP) and caspase-3 were then detected in the miR-1290 inhibitor (anti-miR-1290) transfected SW480-5Fu~res~ cell lines. 5-FU treatment induced more cleavage of PARP and caspase-3 expression than DMSO treatment. Conversely, in the negative control (anti-NC) cell lines, which were resistant to apoptosis, most PARP and caspase-3 proteins were not cleaved ([Figure 5](#fig5){ref-type="fig"}B). These results indicated that decreased expression of miR-1290 may promote sensitivity to 5-FU-induced apoptosis. The B cell lymphoma protein Bcl-2 is an anti-apoptotic protein, while Bax is a proapoptotic protein.[@bib16] Western blot assays confirmed that the protein level of Bcl-2 was markedly decreased, while Bax protein expression was significantly upregulated in the miR-1290 inhibitor (anti-miR-1290) transfected SW480-5Fu~res~ cell lines, especially when simultaneously treated with 5-FU. In addition, as a proapoptotic member of the BCL-2 family, BAD plays a key role by interacting with Bcl-2 or Bcl-xL.[@bib17] However, it dissociates from the complexes with BCL-2 and BCL-xL when it is phosphorylated, which prevents the release of cytochrome *c* from mitochondria and suppresses apoptosis.[@bib18] As shown in [Figure 5](#fig5){ref-type="fig"}B, a significant decrease in phosphorylated BAD (p-BAD) was observed in miR-1290 inhibitor (anti-miR-1290) transfected SW480-5Fu~res~ cells treated with 5-FU. In the negative control (anti-NC) cell lines, a significant increase in p-BAD was observed. Moreover, hMSH2 knockdown by si-hMSH2 transfection reversed the expression level of apoptosis-related proteins in miR-1290 inhibitor transfected SW480-5Fu~res~ cells treated with 5-FU. Collectively, these results suggested that decreased expression of miR-1290 increased the sensitivity to 5-FU by promoting apoptosis via hMSH2 targeting in 5-FU-resistant colon cancer cells. Similar results were observed in HCT116-5Fu~res~ cell lines ([Figures 5](#fig5){ref-type="fig"}C and 5D).

Decreased Expression of miR-1290 Promotes Tumor Sensitivity to 5-FU In Vivo {#sec2.6}
---------------------------------------------------------------------------

Our studies suggested that anti-miR-1290 promoted 5-FU-induced apoptosis in different colon cancer cell lines in vitro. To better evaluate the biologic function of anti-miR-1290 in vivo, HCT116-5Fu~res~ cells stably expressing miR-1290 inhibitor (anti-miR-1290) or vector control (NC) (2 × 10^6^ cells) were subcutaneously injected into each flank of each nude mice simultaneously. Once xenografts reached a palpable volume (\>5 mm in diameter), they were randomly assigned into 5-FU or saline treatment groups. There were no significant differences in initial tumor volumes (within 3 weeks) among the four groups. 5-FU (50 mg·kg^−1^·d^−1^) or the same volume of saline was intraperitoneally injected for five consecutive days per week for 4 weeks. The mice were euthanized on day 49, and tumors were immediately harvested ([Figure 6](#fig6){ref-type="fig"}A). Total RNA and proteins were extracted from the representative tumor mass. The tumor volume of the tumors expressing the anti-miR-1290 and presenting high expression of hMSH2 was significantly smaller than that of NC tumors ([Figures 6](#fig6){ref-type="fig"}A--6C). These results are consistent with previous studies and suggest that MMR-proficient cells respond better to 5-FU therapy. The combination of miR-1290 inhibitor and 5-FU treatment induced the most significant reduction of tumor growth among the four groups ([Figures 6](#fig6){ref-type="fig"}A and 6B). The miR-1290 expression levels of the four groups are shown in [Figure 6](#fig6){ref-type="fig"}D. In addition, a significant increase in cleaved PARP, cleaved caspase-3, BAD, and Bcl-2 and a decrease in p-BAD and Bax were observed in tumors expressing the anti-miR-1290, especially in the 5-FU-treated group ([Figure 6](#fig6){ref-type="fig"}C). This revealed that decreased expression of miR-1290 increased 5-FU-induced apoptosis in vivo. Altogether, our results suggested that miR-1290 promotes resistance to 5-FU by downregulating hMSH2, a core MMR protein.Figure 6Decreased Expression of miR-1290 Promotes Tumor Sensitivity to 5-FU In VivoHCT116-5Fu~res~ cell lines stably expressing miR-1290 inhibitor (anti-miR-1290) or vector control (NC) were subcutaneously injected into nude mice. After 3 weeks, 5-FU (50 mg·kg^−1^·d^−1^) or the same volume of saline were intraperitoneally injected for five consecutive days per week for 4 weeks. (A) Nude mice were euthanized on day 49, and tumors were immediately peeled off. (B) Tumor size was measured on days 4, 7, 14, 21, 28, 35, 42, and 49 with Vernier calipers (mean ± SD; n = 5). \*p \< 0.05, \*\*p \< 0.01. (C) Western blot analysis of representative excised tumor mass using the indicated antibodies. (D) qRT-PCR analysis of miR-1290 expression from representative excised tumor mass (\*\*p \< 0.01).

Discussion {#sec3}
==========

In this study, we demonstrated that miR-1290 is upregulated in both dMMR colon cancer cells and tumor tissues and predicts poor prognosis in patients with stage II and III colon cancer who received 5-FU-based adjuvant therapy. Furthermore, we demonstrated that decreased expression of miR-1290 enhanced the sensitivity to 5-FU treatment in vitro and in tumor xenografts in vivo by directly targeting hMSH2.

Chemoresistance is the main cause of poor prognosis in patients with colon cancer, especially in patients with dMMR colon cancer who respond weakly or not at all to 5-FU-based adjuvant therapy.[@bib19] Although recent studies indicate that ectopic miRNAs expression is closely correlated to chemoresistance, the expression of chemoresistance-related miRNAs in dMMR colon cancer is largely unknown.[@bib10], [@bib11], [@bib20] First, LCM was applied to obtain purified cell populations from eight heterogeneous colon cancer tissues, including four dMMR and four pMMR samples. Second, miRNA microarray was performed to identify miRNAs that are differentially expressed between these two classes of tumors. Twelve upregulated miRNAs were identified as the most significant ones using p \< 0.05 and 2-fold expression difference level as cutoff values. miR-1290 has been indicated as a novel biomarker for early detection, recurrence, and prognosis of colon cancer and mediates chemoresistance to paclitaxel in hepatocellular carcinoma.[@bib21] Both miR-1290 and miR-3138 could promote radio resistance of human cervical cancer cells.[@bib22] miR-298 increases the chemoresistance to doxorubicin in human breast cancer by downregulating P-gp expression.[@bib23] miR-30a-5p suppresses tumor growth and metastasis of colon cancer by targeting DTL and ITGB3, respectively.[@bib24] miR-3653 is upregulated in cervical cancer tissues associated with human papillomavirus (HPV) infection as compared with paired normal tissues.[@bib25] miR-1291 promotes apoptosis in esophageal squamous cell carcinoma by targeting mucin1.[@bib26] Third, these six miRNAs were detected in a panel of 5-FU-resistant colon cancer cell lines by qRT-PCR to identify chemoresistance-related miRNAs. miR-1290 overexpression was detected in all resistant variants, with the highest expression in SW480-5Fu~res~ and HCT116-5Fu~res~ cell lines. We also confirmed that miR-1290 promoted chemoresistance to 5-FU in vitro. Additionally, we confirmed that miR-1290 is upregulated in patients with dMMR colon cancer using an independent large cohort of colon cancer tissues and demonstrated that it predicts poor prognosis in patients with stage II and III colon cancer who received 5-FU-based chemotherapy. Thus, we believe that miR-1290 is a valuable biomarker to predict the prognosis of patients with dMMR colon cancer and chemoresistance to 5-FU.

Previous studies demonstrated that aberrant miR-1290 expression is involved in the malignant processes of a few cancers, including colon cancer.[@bib27] In non-small-cell lung cancer (NSCLC), high expression of miR-1290 was detected in tissues and serum and was closely correlated with lymph node metastasis, tumor/node/metastasis (TNM) stage, and poor prognosis.[@bib21], [@bib28] miR-1290 overexpression promotes proliferation, migration, and invasion in esophageal squamous cell carcinoma (ESCC) by targeting NFIX.[@bib29] Furthermore, miR-1290 targets the potential target genes of estrogen receptor α (ERα)-positive breast cancer, FOXA1 and NAT1.[@bib28] Belian et al. showed that upregulated miR-1290 is involved in drug resistance in gastric cancer cells.[@bib30] Moreover, miR-1290 is significantly upregulated in colon cancer tissues and affects the reprogramming of colon cancer cells by activating the Wnt pathway and increasing the related transcription factors, c-Myc and Nanog.[@bib31] However, the association between miR-1290 and 5-FU resistance in colon cancer is still unknown. We demonstrated for the first time that miR-1290 is upregulated in dMMR colon cancer tissues and 5-FU-resistant colon cancer cell lines. Furthermore, we found that miR-1290 was positively correlated with dMMR status in an independent cohort and inversely correlated with DFS and OS in patients who received 5-FU-based adjuvant therapy. Collectively, these data indicate that miR-1290 expression can be used as a potential surrogate marker of dMMR colon cancer and that miR-1290 may contribute to poorer prognosis.

Defects in MMR are associated with colon cancer.[@bib19] Mutations in the human DNA MMR gene hMSH2 are associated with hereditary nonpolyposis colon cancer as well as a significant proportion of sporadic colon cancer cases.[@bib14], [@bib32] hMSH2 inactivation results in the accumulation of somatic mutations in the genome of tumor cells and resistance to a variety of chemotherapeutic agents, including 5-FU. Recent studies indicated that MMR proteins promote DNA-damage-induced apoptosis as part of the cellular response to 5-FU.[@bib33] In this study, we demonstrated that miR-1290 directly binds to the 3′ UTR of hMSH2 and suppresses its expression. Furthermore, our study also showed that miR-1290 levels were inversely correlated with *hMSH2* mRNA in colon cancer tumor samples. In addition, we demonstrated that decreased miR-1290 expression enhanced cell apoptosis, with upregulated proapoptotic proteins and downregulated anti-apoptotic proteins. Furthermore, hMSH2 knockdown by si-hMSH2 transfection reversed the function of miR-1290 inhibitor. Taken together, these results suggest that miR-1290 enhanced the resistance to 5-FU by downregulating hMSH2. miR-1290 may be an effective therapeutic target and is likely to be an important indicator of 5-FU therapeutic efficacy in colon cancer.

This is the first study to demonstrate that decreased expression of miR-1290 promotes the sensitivity to 5-FU by targeting hMSH2 in both a cellular and xenograft tumor model. We found that tumor volume was significantly reduced after treatment with both anti-miR-1290 and 5-FU compared with the other three groups (NC + saline, NC + 5-FU, and anti-miR-1290 + saline). Moreover, we showed that the prognosis of patients with lower miR-1290 expression was better using an independent large cohort of patients with colon cancer who received 5-FU-based chemotherapy. Recently, specific molecular subtypes get increasing attention in the drug research area and may represent the future of cancer therapeutics.[@bib34] dMMR colon cancer is an ideal molecular subtype for new drug development because of the compelling rationale motivated by molecular, clinical, pathological, prognostic, and predictive studies that are already changing the practice of oncology. Thus, miR-1290, which is upregulated in dMMR colon cancer, is expected to become a potential therapeutic target.

Although our study shows that miR-1290 is a promising biomarker for the diagnosis of dMMR colon cancer and the prediction of poor prognosis in patients with stage II and III colon cancer who received 5-FU-based adjuvant therapy, the data shown in the current study have some limitations. Although we examined miR-1290 expression in an independent cohort with 291 patients, this sample size is not sufficient to support the use of miR-1290 in the clinic. Thus, a larger clinical sample size study is required to validate our results regarding miR-1290 expression in patients with colon cancer. Additionally, in order to improve the reliability and convenience of miR-1290 usage in the clinic, preoperative serum samples from patients with colon cancer are required to examine miR-1290 expression.

In conclusion, miR-1290 is a promising biomarker for the detection of dMMR colon cancer and predicts poor prognosis of patients with stage II and III colon cancer who received 5-FU-based adjuvant therapy. miR-1290 downregulation may be useful in combination with 5-FU for treating chemoresistant colon cancer.

Materials and Methods {#sec4}
=====================

Human Colon Cancer Tissues and MMR Status Determination {#sec4.1}
-------------------------------------------------------

Tissue samples were obtained from patients who underwent radical resection at the General Surgery Department of Shanghai General Hospital. No chemotherapy or radiation therapy was applied to these patients before radical resection. IHC was carried out by using antibodies against MLH1, MSH2, MSH6, and PMS2 proteins, which provided insight into the functionality of the MMR system. Lack of expression of one or more of these proteins is a diagnostic of dMMR, and the expression of these proteins is defined as pMMR. Four dMMR tumors and four pMMR tumor samples were randomly selected to analyze their miRNA profiles using LCM ([Table S1](#mmc1){ref-type="supplementary-material"}). Furthermore, 291 stage II and stage III colon cancer tumor tissues were obtained from patients at the Anal-Colorectal Surgery Department, General Hospital of Ningxia Medical University. These patients received 5-FU-based chemotherapy after radical resection. The diagnosis was confirmed by two pathologists, and cancer staging was determined based on pathological findings according to the AJCC. All patients provided informed consent, and the study was approved by the institutional review board of General Hospital of Ningxia Medical University. The follow-up of this cohort ended on September 15, 2014, and the median duration of follow-up was 57 (range, 9--89) months. DFS and OS rates were defined as the interval from the initial surgery to clinically or radiologically proven recurrence/metastasis and death, respectively.

LCM and miRNA Microarray Analysis {#sec4.2}
---------------------------------

Purified dMMR and pMMR colon cancer cells were obtained using LCM according to the protocol of our previous study.[@bib35] Total RNA was then extracted using a miRNeasy mini kit (QIAGEN). Total RNA was sent to BoHao Bio-tech for miRNA microarray analysis. Differentially expressed miRNAs were identified using p \< 0.05 as cutoff value. Finally, we identified 12 significant miRNAs, all of which were upregulated ([Table S2](#mmc1){ref-type="supplementary-material"}).

Total RNA Extraction and Quantitative Real-Time PCR Analysis {#sec4.3}
------------------------------------------------------------

Total RNA, including miRNA, from colon cancer samples and cell lines was extracted using the miRNeasy Mini kit according to the manufacturer's instructions (QIAGEN). First-strand cDNA was synthesized with the RevertAid First Strand cDNA Synthesis Kit (QIAGEN) using 1 μg total RNA as the template. miRNAs were measured with a miScript SYBR Green PCR Kit (QIAGEN) using the ABI7500 Real-Time PCR System (Applied Biosystems). Real-time PCR to assess the expression of hMSH2 and miRNAs was carried out using ViiA 7 system (Thermo Fisher Scientific) according to the manufacturer's instructions. The sequences of all primers used in this study are shown in [Table S3](#mmc1){ref-type="supplementary-material"}. The PCR amplification conditions were as follows: pre-denaturing at 95°C for 10 min, followed by 40 cycles of denaturing at 95°C for 10 s, annealing at 58°C for 20 s, and extension at 72°C for 10 s. The expression level of each miRNA was measured by using the 2^−ΔΔCt^ (Ct, cycle threshold) method. All experiments were performed in triplicate.

Establishment of 5-FU-Resistant Colon Cancer Cell Lines and Transfection {#sec4.4}
------------------------------------------------------------------------

The human colon cancer cell lines RKO, SW480, HCT116, and LoVo were obtained from the Type Culture Collection of the Chinese Academy of Sciences. All cell lines were cultured as described previously.[@bib36] 5-FU-resistant colon cancer cell lines (RKO-5Fu~res~, SW480-Fu~res~, HCT116-5Fu~res~, and LoVo-5Fu~res~) were developed through a stepwise incremental treatment with 5-FU. 5-FU (Sigma-Aldrich) was dissolved in DMSO (Sigma-Aldrich) and stored in airtight containers protected from light before experiments. The parental cell lines RKO, SW480, HCT116, and LoVo were exposed to increasing concentrations of 5-FU stepwise, starting at 1 μM and ending at 100 μM. 5-FU (1 μM) was included in the culture medium for RKO-5Fu~res~, SW480-5Fu~res~, HCT116-5Fu~res~, and LoVo-5Fu~res~ to maintain drug resistance. The cells were maintained in 5-FU-free medium at least 2 weeks before the experiments. Cell lines with stable downregulation of miR-1290 were established by lentiviral transduction using a pCDH plasmid (System Biosciences) carrying miR-1290 inhibitor. All cell lines were cultured at 37°C in a humidified atmosphere with 5% CO~2~ and maintained in DMEM supplemented with 10% fetal bovine serum (Gibco). SW480, HCT116, SW480-5Fu~res~, and HCT116-5Fu~res~ were then transfected with the plasmids using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.

Plasmid Construction {#sec4.5}
--------------------

The miR-1290 mimic and miR-1290 mimic negative controls used for transient transfection were designed and synthesized by BioLink. Small interfering RNA (siRNA) against hMSH2 (si-hMSH2) was synthesized by BioLink and used to silence hMSH2 expression. The sequences of siRNA targeting hMSH2 were as follows: 5′-TGGCAATCTCTCTCAGTTT-3′ (sense), 5′-TTCTCCGAACGTGTCACGT-3′ (antisense). Cells were transfected with miR-1290 mimics, negative control, and siRNA using Lipofectamine 2000 Reagent (Invitrogen) according to the manufacturer's protocol.

Cell Viability and Apoptosis Assays {#sec4.6}
-----------------------------------

Cell Counting Kit-8 (CCK8) assays (Dojindo) were used to measure cell viability according to the manufacturer's protocol. To analyze the effect of miR-1290 on 5-FU treatment, cells transfected with miR-1290 mimics, miR-1290 inhibitor, or negative control were treated with 0, 2, 4, 8, 16, 32, 64, and 128 μM 5-FU for 48 hr. IC~50~ values were calculated using SPSS software.

For the apoptosis assay, SW480-5Fu~res~ and HCT116-5Fu~res~ cells stably transfected with miR-1290 inhibitor, negative control, or hMSH2 siRNA were cultured in 10-cm dishes and treated with 5-FU (10 μM) for 48 hr before harvesting. The cells were then trypsinized and collected into a centrifuge tube, centrifuged at 800 × *g* for 3 min, washed twice with cold PBS, and resuspended in 100 μL 1 × binding buffer, and the PE Annexin V and 7-AAD (BD Biosciences) double staining method was used to examine cell viability following the manufacturer's protocol. The frequency of apoptosis was measured using the BD FACS Calibur Flow Cytometer (BD Biosciences) according to the manufacturer's instructions. The percentage of apoptotic cells was calculated according to the number of cells positive or negative for PE Annexin V and 7-AAD. Results are presented as the percentage of living cells (PE Annexin V−/7-AAD−), early apoptotic cells (PE Annexin V +/7-AAD−), late apoptotic cells, and dead cells (PE Annexin V +/7-AAD +). Each assay was repeated three times.

Western Blot Analysis {#sec4.7}
---------------------

Western blot analysis was performed as previously described.[@bib36] The following antibodies were used: anti-MLH1, anti-MSH2, anti-MSH6, anti-PMS2, anti-caspase-3, anti-cleaved caspase-3, anti-PARP, anti-cleaved PARP, anti-BAD, anti-pBAD (S112), anti-Bcl2, anti-Bax (Cell Signaling Technology), and anti-actin (Sigma).

Luciferase Reporter Assay {#sec4.8}
-------------------------

The dual-Luciferase reporter assays (Promega) were performed in SW480 and HCT116 cells according to the manufacturer's instructions. The putative binding site of miR-1290 in the 3′ UTR of hMSH2 mRNA (WT) or its mutant sequence (MUT) was cloned downstream of the firefly luciferase gene. SW480 and HCT116 cells were co-transfected with 50 nM miR-1290 mimics or miRNA mimics negative control and 0.5 μg psiCHECK-2-hMSH2--3′-UTR-WT or psiCHECK-2-hMSH2--3′-UTR-MUT using Lipofectamine 2000 (Invitrogen). Firefly and Renilla luciferase activity was measured by using the GloMax fluorescence reader (Promega) after 48 hr transfection. The experiments were repeated three times.

In Situ Hybridization and IHC on Tissue Microarray {#sec4.9}
--------------------------------------------------

The tissue microarray (TMA) containing 291 colon cancer tumor specimens was constructed in cooperation with Xin Chao Company. Tumors were resected from patients in the Anal-Colorectal Surgery Department, General Hospital of Ningxia Medical University between June 2004 and February 2007. The end of the follow-up period was September 15th, 2014, and the median duration of follow-up was 57 (range, 9--89) months. The TMA includes specimens from 112 men and 179 women with a mean age of 65.29 years (range, 29--81 years). The expression pattern of miR-1290 in dMMR and pMMR colon cancer tumor tissues was detected by in situ hybridization. The TMA slides were dewaxed in xylene for 15 min twice. After being dehydrated by immersion in 100% ethanol for 5 min, the slides were air-dried and then incubated with pepsin at 37°C for 15 min. The slides were then fixed in 4% paraformaldehyde, dehydrated in 90% ethanol, and incubated with the digoxigenin-labeled probe (Exiqon) complementary to miR-1290 at 37°C overnight, according to the manufacturer's instructions. The slides were washed twice with 2× saline sodium citrate (SSC) at room temperature and incubated with mouse anti-digoxigenin monoclonal antibody according to the manufacturer's protocol. miR-1290 expression in the TMA was assessed by two independent pathologists. The proportion of positively stained tumor cells was graded as follows: 0 (no positive cells), 1 (1%--25% positive cells), 2 (26%--50% positive cells), 3 (51%--75% positive cells), and 4 (76%--100% positive cells). The intensity of the staining was recorded as 0 (no staining), 1 (weak staining), 2 (moderate staining), or 3 (strong staining). The staining index (SI) was defined as the proportion of positively stained tumor cells × staining intensity, and the specimens were divided into two groups based on the final score as low (0--6) or high.[@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib35] To further confirm that hMSH2 is the target of miR-1290, we assessed hMSH2 protein expression levels by IHC on the same location of the TMA. IHC was also performed using antibodies against MLH1, MSH2, MSH6, and PMS2 proteins to identify dMMR and pMMR colon cancer tumors. The IHC assays on the TMA were performed as previously described.[@bib36]

In Vivo Colon Cancer Xenograft Mouse Model {#sec4.10}
------------------------------------------

Ten 6-week-old male BALB/c nude mice were purchased from the Shanghai Jiaotong University and maintained in specific-pathogen-free (SPF) conditions. HCT116-5Fu~res~ cells (2 × 10^6^) transfected with miR-1290 inhibitor or a negative control were injected subcutaneously into each flank of the mice. After 3 weeks, when all xenografts reached a palpable volume (\>5 mm in diameter), mice were randomly divided into 5-FU or saline treatment groups, with five mice per group. 5-FU (50 mg·kg^−1^·d^−1^) or the same volume of saline was intraperitoneally injected for five consecutive days per week for 4 weeks. The tumors size was measured on days 4, 7, 14, 21, 28, 35, 42, and 49. Tumor volume was calculated using the formula: V (mm^3^) = width[@bib2] (mm^2^) × length (mm)/2. All nude mice were euthanized by cervical dislocation on day 49, and their tumors were harvested and photographed. All procedures followed the Shanghai Jiao tong University Affiliated Shanghai General Hospital Animal Care guidelines.

Statistical Analysis {#sec4.11}
--------------------

The statistical software program SPSS version 22 was used for statistical analysis. The two-tailed Student's t test was used to determine the significance between groups in the in vitro and in vivo experiments. The χ^2^ test or Fisher's exact test was used to analyze the relationship between miR-1290 and clinicopathological features, including MMR status. Survival rates were calculated by using the Kaplan-Meier method, and differences between the survival curves were examined using log-rank tests. Cox proportional hazards models were applied to estimate the effects of miR-1290 expression on survival in univariate and multivariate analyses. p \< 0.05 was considered statistically significant.
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